We report on a sodium D 2 resonance coherent light source achieved in single-pass sum-frequency generation in periodically poled MgO-doped stoichiometric lithium tantalate with actively mode-locked Nd: YAG lasers. Mode-locked pulses at 1064 and 1319 nm are synchronized with a time resolution of 37 ps with the phase adjustment of the radio frequencies fed to acousto-optic mode lockers. An output power of 4.6 W at 589.1586 nm is obtained, and beam quality near the diffraction limit is also achieved in a simple design.
Laser guide star adaptive optics (LGS AO) is an effective means of extending the observation area with high resolution, near the diffraction limit, in optical infrared astronomical observation from the ground [1] . A coherent light source in resonance with the sodium D 2 line [2] is attractive for LGS AO [3] . When sodium D 2 resonance light, which corresponds to a wavelength of approximately 589.159 nm, is input in the sodium layer in the mesosphere, an artificial shining spot called a LGS is produced, which is utilized for the observation of and compensation for atmospheric turbulence with an AO system [3] . Accordingly, LGS AO is an integral part of optical infrared astronomical observation through the atmosphere from the ground.
For the realization of LGS AO, several output characteristics are required in coherent sodium D 2 resonance light sources. The output beam quality should be a single transverse mode of TEM 00 , M 2 Ͻ 1.2, to produce an efficient LGS at an approximately 90 km altitude [3] . The spectral bandwidth should be narrow compared with the Doppler broadened sodium absorption spectrum ͑Ϸ2.77 GHz͒ in the mesosphere [4] . Continuous-wave (CW), quasi-CW, or macropulse-micropulse operation is preferred to avoid saturation [5] . With these characteristics, an all-solid-state laser system with an average output power of at least 4 W is suitable to yield a stable and efficient photon return from the LGS [3] .
To date, such sources have been achieved with a doubly resonant external cavity for sum-frequency generation (SFG) using injection-locked Nd: YAG lasers as pumping lasers [5] . This approach allowed the realization of the highest output power, exceeding 50 W at 589 nm. However, a complicated system including seed lasers for injection locking and a bowtie ring cavity [5] is needed for resonantly enhanced SFG. In addition, continuous electronic control is required in the system. Second-harmonic generation of a linearly polarized Raman fiber laser for 589 nm light radiation was also reported [6] . Although single transverse mode oscillation is readily achieved in a simple, stable, and compact configuration, at present it is not suitable for practical use in LGS AO because of its low output power and high spectral bandwidth. A SFG system with mode-locked Nd: YAG lasers was installed in the Gemini North Observatory [7] .
In this Letter, we report on a simple and efficient system of sodium D 2 resonance radiation for LGS AO. Single-pass SFG is carried out by mixing synchronized 1064 and 1319 nm pulse trains emitted from actively mode-locked Nd: YAG lasers with a sidelaser-diode (LD) pumped configuration. Periodically poled MgO-doped stoichiometric lithium tantalate (PPMgO:SLT) crystals [8] are used in SFG. Suitable operation temperatures for quasi-phase matching and acceptance temperatures are clarified for two domain-inversion periods.
The experimental configuration for sodium D 2 radiation in single-pass SFG is shown in Fig. 1 . The 1064 and 1319 nm oscillators were each composed of two pumping chambers. A quartz 90°polarization rotator at each wavelength was placed between the pumping chambers to compensate for polarizationdependent birefringence. The pumping chambers consisted of three LD arrays, which were symmetrically set around a Nd: YAG rod. The Nd: YAG rods were 55 mm long and 2 mm in diameter. The Nd: YAG rods were also antireflection coated for an operating wavelength of 1064 or 1319 nm. As the maximum output power of each LD was 80 W, the input power to each Nd: YAG rod could be increased up to 240 W. The cavity length was adjusted to Ϸ1 m, at which the output beam quality was measured to be TEM 00 , M 2 Ͻ 1.1, by using a ModeMaster (Coherent Inc.), even with an increase in input LD power up to approximately 192 and 85 W in the 1064 and 1319 nm oscillators, respectively. The amplitudemodulation frequency f ML of acousto-optic mode lockers (AOMLs) in mode-locked operation was determined to be Ϸ150 MHz to maintain the beam quality at this cavity length. The AOMLs were operated at this frequency. The synchronization of the modelocked pulse trains at 1064 and 1319 nm was accomplished by controlling the phase difference between radio frequencies (RFs) fed to the AOMLs [9] . The single RF output from the RF oscillator was split in two. One part was directly amplified by the RF amplifier and fed to the AOML in the 1319 nm oscillator. The other was amplified after the control of the phase difference ⌬ by the phase shifter and fed to the AOML in the 1064 nm oscillator. The output beams were input to the PPMgO: SLT crystal (Oxide Co. and SWING Ltd.) for single-pass SFG after collimation by telescopes, combination by a beam combiner, and focusing by a lens. d 33 was reported to be 10.6 pm/ V [8] . The crystal was placed in an oven to control its temperature. The output beam in SFG was split from the pump beams by a filter and sent into the sodium vapor cell after sufficient attenuation. The output beam was passed through the cell and sent to a wavemeter (BurleighWA-4500). The sodium vapor cell was heated at 100°C. The change in the intensity of fluorescence emitted from the cell with tuning of the wavelength was detected by a photomultiplier tube (PMT) on the side of the cell. The detected signal was amplified by a lock-in amplifier at the chopper frequency f and monitored by an oscilloscope.
Precise tuning was accomplished by using solid etalons with a surface reflection of 18% at each wavelength. One input wavelength was fixed at 1319.645 nm. The other input wavelength was tuned from 1064.325 to 1064.347 nm in 1 pm steps with the rotation of the etalons. This tuning range corresponds to the tuning range of the output wavelength from 589.1564 to 589.1628 nm in Ϸ0.3 pm steps, and the maximum fluorescence intensity was obtained at 589.1586 nm, as shown in Fig. 2 . The spectral bandwidth was measured to be approximately 1.6 GHz over the tuning range using the wavemeter. As the spectral resolution of the wavemeter is 1.5 GHz, which is close to the measured value, we predict that the actual bandwidth is less than 1.6 GHz. Fluorescence intensity gradually decreased with detuning from 589.1586 nm. For example, a wavelength shift from 589.1586 to 589.1576 nm reduced fluorescence intensity by 20%. Accordingly, a resolution below 1 pm in tuning is suitable for precise tuning to the D 2 line.
The output power at 589.1586 nm with a change in the temperature of PPMgO: SLT was measured in 0.2°C steps. Here, 1.0 mol. % MgO-doped, 10 mm long PPMgO: SLTs were used. The aperture of the crystals was 0.5 mmϫ 2 mm. As, shown in Fig. 3 , acceptance temperatures for domain-inversion periods ⌳ = 10.6 and ⌳ = 10.8 m were measured to be 3.9°C and 4.4°C (FWHM), respectively. Optimum temperatures were determined to be 129.0°C and 51.8°C for ⌳ = 10.6 and ⌳ = 10.8 m, respectively.
The temporal delay between two mode-locked pulses was adjusted by monitoring the output power of the sum frequency, as shown in Fig. 4(a) . The pulse width was measured to be Ϸ0.8 ns at 1064 and 1319 nm. The phase difference ⌬ was changed from 0°to 360°in 1°steps. Output power was periodically changed, and the interval between the peak powers was measured to be 180°. ⌬ can be related to the temporal resolution ⌬t by ⌬t = ⌬ / ͑180 f ML ͒. ⌬t = 37 ps was achieved with ⌬ = 1°; this was narrow enough to synchronize two mode-locked pulses.
The output power at 589.1586 nm as a function of input power at 1064 nm is plotted in Fig. 4(b) . In this case, a 15 mm long PPMgO: SLT ͑1 mol. % MgO͒ with ⌳ = 10.8 m was used and operated at 51.8°C. The phase difference was also fixed at 128°to gain the maximum output power. The output power was measured with a thermopile detector placed in front of the attenuator, as shown in Fig. 1 . The output power at 1064 nm monotonically increased up to a maximum of 16.5 W with a change in input LD cur- rent from 36 to 49 A, as shown in the inset. However, it decreased when the current exceeded 49 A, because the condition of the 1064 nm cavity deviated from stability with a change in the thermal lens effect. The beam profile at 1064 nm was measured to be TEM 00 , M 2 Ϸ 1.06. On the other hand, the input power at 1319 nm was set and fixed at 5.0 W, which was the maximum in a single transverse mode of TEM 00 , with M 2 Ϸ 1.1 in the 1319 nm oscillator. The output power at 589.1586 nm increased linearly, and a maximum output power of 4.6 W was obtained by mixing 16.5 and 5.0 W at 1064 and 1319 nm, respectively. The input intensity was estimated to be 5.6 MW/ cm 2 from the measured focal condition. The beam profile was also measured to be TEM 00 , with M 2 Ϸ 1.1 at 589.1586 nm, as shown in the inset of Fig. 4(b) . When P 1 and P 2 represent the input powers at 1319 and 1064 nm and P 3 represents the output power at 589.1586 nm, the conversion efficiency P 3 / P 2 and slope efficiency P 3 / ͑P 1 P 2 ͒ were estimated to be 27.9% and 5.6ϫ 10 −2 W/W 2 , respectively. In this experiment, a stable and optical-damage-free SFG was also realized by using PPMgO: SLT. The output power at 589.1586 nm was maintained with a stability within ±2.2% for at least 8 h.
The system shown in Fig. 1 was installed in the Subaru telescope [3] . Since the simple cavity design and SFG using PPMgO: SLT produced a stable system for generating the sodium D 2 resonance radiation, we found that it was unnecessary to readjust the optical components in the short term. Instead the above-mentioned output characteristics in the light source were maintained for one year without readjustment in the Subaru telescope.
We have achieved a coherent sodium D 2 resonance light source that satisfies all performance required in LGS AO in a single-pass SFG system based on actively mode-locked Nd: YAG lasers.We can utilize a master-oscillator power-amplifier chain for the amplification of the output powers at 1064 and 1319 nm while maintaining high beam quality. It will straightforwardly allow the increase in the power of the coherent 589 nm light source with high beam quality.
